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In this letter we propose the search of dark photons in the decay of pions produced by γγ inter-
actions in ultraperipheral PbPb collisions. The cross section is estimated considering an accurate
treatment for the absorptive corrections and for the nuclear form factor. Predictions for the event
rates are presented considering the expected luminosities for the LHC, High – Luminosity LHC and
High – Energy LHC as well as for the Future Circular Collider. Our results indicate that a future
experimental analysis of the pion production in ultraperipheral heavy ion collisions can be useful to
probe the dark photon production and constrain its properties.
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One of the more challenge problems in Particle Physics today is the description of the composition and nature of
Dark Matter (DM), which constitutes at least the 85 % of the mass of our Universe (For a recent review see e.g. Ref.
[1]). During the last decades, several possible extensions of the Standard Model (SM) were proposed aiming to explain
the DM abundance [2]. In particular, proposed U(1) extensions of the Standard Model gauge group SU(3) x SU(2) x
U(1) have raised attention in recent years. In some of these U(1) extensions a new, light messenger particle A′, the
dark photon, is predicted, with the dark photon field coupling to the hidden sector as well as to the electromagnetic
current of the Standard Model by kinetic mixing. Such coupling allows for a search for the dark photon in laboratory
experiments exploring the electromagnetic interaction [3, 4]. Various experimental programs have been started to
search for the A′ boson (See e.g. Refs. [5–11]). In particular, several experiments have focused in the study of meson
decays as an alternative for probing the dark photon production and constrain its properties [5, 11]. Such studies
are strongly motivated by the fact that meson decays have already been studied for a long time to understand the
structure of mesons and, consequently, large data sets of meson decays exist from various experiments. One possibility
is the study of the pion decay, searching for a deviation from the SM pion decay. In the SM, the neutral pion π0 decays
dominantly into two photons. However, the decay into one real and a virtual photon from which an electron-positron
pair is produced still gives a large signal, which allows to search for a peak associated to the dark photon production
in the smooth e+e− invariant-mass spectrum predicted by the Standard Model. Dark photon search in meson decays
provides some of the most stringent constraints on the properties of dark photons. Recently, the NA62 Collaboration
at the CERN SPS has reported results [11] of a search for π0 decays to a photon and a dark photon, improving
previous limits in the dark photon mass mA′ and coupling strength ǫ
2. However, large regions of the (mA′ , ǫ
2) plane
are still unexplorated.
High – energy hadronic collisions at the LHC and future hadronic colliders are an important alternative to search
for the dark photon and Dark Matter candidates [3, 12]. Recent theoretical studies have proposed distinct strategies
to probe the dark photon properties and constrain its mass and coupling [13–17]. Some them already been used by
the LHCb Collaboration, which has searched by the dark photon in A′ → µ+µ− decays [10]. Our goal in this paper is
investigate the dark photon production in the decay of neutral pions produced in ultraperipheral heavy ion collisions
(UPHIC), which are characterized by an impact parameter b greater than the sum of the radius of the colliding nuclei
[18–27]. In these collisions, strong electromagnetic fields are generated, which enhance by a factor Z4 (≈ 45 × 106
for PbPb collisions) the π0 production by two – photon interactions [28, 29], where Z is number of protons in the
nucleus. Moreover, the final state generated by the π0 decay is produced in a very clean environment, where pileup
is absent and that is characterized by two intact nuclei and two rapidity gaps, i.e. empty regions in pseudo-rapidity
that separate the intact very forward nuclei from the final state. Such aspects strongly reduce the probability of
mis-identifying the primary vertex and, consequently, reduce possible backgrounds for displaced vertex signatures
related to the dark production and decay. In this exploratory study, we will present, for the first time, the total cross
section and event rates for the dark photon production in ultraperipheral PbPb collisions (For related studies see
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FIG. 1: Dark photons from pions produced by γγ interactions in ultraperipheral PbPb collisions.
e.g. Refs. [30–39]). In particular, we will consider the process represented in Fig. 1, where the dark photon decays
into a e+e− pair. Our calculations will be performed using the equivalent photon approximation, which has been
successfully applied for the calculation of the dilepton production in ultraperipheral heavy ion collisions, considering
a realistic description of the nuclear form factor and for the treatment of the absorptive corrections [40]. We will
present predictions for the next run of the LHC [41], as well as for the energies of the High – Energy LHC (
√
s = 10.6
TeV) [42] and Future Circular Collider (
√
s = 39 TeV) [43].
The cross section for the process represented in Fig. 1 can be factorized in terms of the cross section for the π0
production in UPHIC and the branchings for the transitions π0 → A′γ and A′ → e+e−, as follows:
σ
(
PbPb→ Pb⊗ γe+e− ⊗ Pb; s) = σ (PbPb→ Pb⊗ π0 ⊗ Pb)× BR(π0 → A′γ)× BR(A′ → e+e−) , (1)
where
√
s is center - of - mass energy of the PbPb collision and ⊗ characterizes a rapidity gap in the final state.
The production of neutral pions (π0) in ultraperipheral PbPb collisions can be described using the equivalent photon
approximation [18], with the cross section being given by
σ
(
PbPb→ Pb⊗ π0 ⊗ Pb; s) =
∫
d2b1d
2
b2dWdY
W
2
σˆ
(
γγ → π0;W )N (ω1,b1)N (ω2,b2)S2abs(b) . (2)
where Y is the rapidity of the pion in the final state and W =
√
4ω1ω2 is the invariant mass of the γγ system. The
photon energies ωi can be expressed in terms of W and Y as follows:
ω1 =
W
2
eY and ω2 =
W
2
e−Y . (3)
Moreover, N(ωi,bi) is the equivalent photon spectrum of photons with energy ωi at a transverse distance bi from
the center of nucleus, defined in the plane transverse to the trajectory, which can be expressed in terms of the charge
form factor F (q). In our analysis, we will consider the realistic form factor, which corresponds to the Wood - Saxon
distribution and is the Fourier transform of the charge density of the nucleus, constrained by the experimental data
(For a detailed discussion see Ref. [40]). The factor S2abs(b) depends on the impact parameter b of the PbPb collision
and is denoted the absorptive factor, which excludes the overlap between the colliding nuclei and allows to take into
account only ultraperipheral collisions. As in Refs. [40, 44], we will estimate this quantity using the Glauber approach
proposed in Ref. [45]. Finally, the cross section for the γγ → π0 process can be calculated using the Low formula
[46], being given by
σˆγγ→pi0(ω1, ω2) = 8π
2
Γpi0→γγ
mpi0
δ(4ω1ω2 −m2pi0) , (4)
where Γpi0→γγ is the two-photon decay width and mpi0 is the pion mass.
3(a) Central detector (|Y | ≤ 2.0) (b) Forward detector (2.0 ≤ Y ≤ 4.5)
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FIG. 2: Cross sections (in mb) for the dark photon production in PbPb collisions at
√
s = 5.5 TeV considering different values
for the coupling ǫ2 and dark photon mass mA′ as well as the rapidity range probed by (a) central and (b) forward detectors.
The branching ratio for the transition π0 → A′γ can be estimated considering that the A′ field interacts with the
SM photon through a kinetic – mixing Lagrangian, being given by (see e.g. Ref. [13])
BR(π0 → A′γ) = 2ǫ2
(
1− m
2
A′
m2
pi0
)3
× BR(π0 → γγ) . (5)
Finally, assuming that the dark photon decay only in SM particles, we will take BR(A′ → e+e−) = 1, which is a
reasonable approximation in the mass range 2me ≪ mA′ < mpi0 considered in our analysis.
Initially, let’s estimate the cross sections for PbPb collisions at
√
s = 5.5 TeV and the typical rapidity ranges probed
by central detectors (|Y | ≤ 2.0), as e.g. by the ALICE, ATLAS and CMS detectors, as well as by a forward detector
(2.0 ≤ Y ≤ 4.5), as the LHCb one. As our predictions are dependent on the values for the coupling ǫ2 and for the
dark photon mass mA′ , we present in Fig. 2 the two – dimensional (mA′ , ǫ
2) distribution for the cross sections, which
are given in mb. One has that the cross sections are larger with the increasing of ǫ2 and the decreasing of mA′ . In
particular, for ǫ2 = 10−3 andmA′ = 10 MeV (upper left corner) we predict σ = 3.9×10−2 (2.1×10−2) mb for a central
(forward) detector. On the other hand, for ǫ2 = 10−7, the cross sections are reduced by three orders of magnitude. It
is important to compare these values with those predicted for the main background, associated to the process where
we have the direct transition π0 → γe+e−, without the presence of a dark photon in the intermediate state. For this
case we have estimated that σbcg = 2.4× 10−1 (1.2× 10−1) mb for a central (forward) detector. Therefore, we predict
a signal/background (S/B) ratio in the range 10−1 – 10−5, depending on the values for the coupling and dark photon
mass. However, it is important to emphasize that such ratio is expected to be strongly enhanced if the displaced
vertex and/or resonance strategies are implemented [13]. Moreover, assuming that the cross section for the direct
γe+e− prooduction is well known and constrained by data, such background could be removed, allowing to access
those events associated to the dark photon. Surely, such aspect deserves a more detailed analysis, which we intend to
perform in a near future.
In what follows we present our predictions for the number of events expected in ultraperipheral PbPb collisions for
the planned center – of – mass energies of next run of the LHC, as well for the future High – Luminosity LHC (HL –
LHC) [41], High – Energy LHC (HL – LHC) [42] and Future Circular Collider (FCC) [43], which are
√
s = 5.5, 5.5, 10
and 39 TeV, respectively. Moreover, following Refs. [41–43], we will assume that the integrated luminosities are
L = 3.0/ 10/ 10/ 110 nb−1 for LHC / HL – LHC / HE – LHC / FCC. The associated predictions are presented in Fig.
3, where we present the two – dimensional (mA′ , ǫ
2) distribution for the number of events per year in PbPb collisions
considering the central (upper panels) and forward (lower panels) rapidity ranges. For the next run of the LHC, we
predict that the number of events will be larger than 103 for ǫ2 ≥ 4× 10−6 and mA′ ≤ 60 MeV. On the other hand,
for the FCC, one has that event rates per year will be larger than 104 for mA′ ≤ 100 MeV. Such large values indicate
that the search of dark photons from pions produced in UPHIC will be, in principle, feasible.
Finally, let us summarize our main conclusions. In this exploratory study we have investigated the production of a
4LHC HL – LHC HE – LHC FCC
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FIG. 3: Two – dimensional (mA′ , ǫ
2) distribution for the number of events per year in PbPb collisions at the LHC, HL – LHC,
HE – LHC and FCC considering the central (upper panels) and forward (lower panels) rapidity ranges.
dark photon from pions produced in ultraperipheral PbPb collisions at different center – of – mass energies. We have
used the equivalent photon approximation and considered a realistic model for the nuclear photon flux and for the
treatment of the absorptive corrections. We have estimated, for the first time, the the associated cross sections and
event rates for the center – of – mass and integrated luminosities expected for the LHC, HL – LHC, HE – LHC and
FCC. Our main motivation is the possibility of use this process to search by a dark photon. We predict large values for
the cross sections and event rates, which indicate that a future experimental analysis of the dark photons from pions
in UPHIC is, in principle, feasible. The results presented in this letter strongly motivate a more detailed analysis,
including the cuts usually considered by the experimental collaborations. Such study is currently being performed.
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